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Cereal crops such as wheat and maize have large repeat-rich genomes that make 
cloning of individual genes challenging. Moreover, gene order and gene sequences 
often differ substantially between cultivars of the same crop species1-4. A major 
bottleneck for gene cloning in cereals is the generation of high-quality sequence 
information from the cultivar of interest. In order to accelerate gene cloning from any 
cropping line, we report ‘targeted chromosome-based cloning via long-range 
assembly’ (TACCA). TACCA combines lossless genome complexity reduction via 
chromosome flow sorting with Chicago long-range linkage5 to assemble complex 
genomes. We applied TACCA to produce a high-quality (N50 of 9.76 Mb) de novo 
chromosome assembly of the wheat line ‘CH Campala Lr22a’ in only four months. 
Using this assembly we cloned the broad-spectrum Lr22a leaf-rust resistance gene 
using molecular marker information and EMS mutants and found that Lr22a encodes 
an intracellular immune receptor homologous to the Arabidopsis RPM1 protein.  
 
While the world population continues to grow, the arable land per capita is decreasing6. To 
ensure food security, agriculture will require high-yielding crops that can withstand diseases, 
pests and adverse climatic conditions. A better understanding of genes that control these 
important traits may enable breeding of crop cultivars capable of feeding the 9-10 billion 
people expected by 2050.  
2 
 
‘Positional cloning’ or ‘map-based cloning’ is often used to clone plant genes7. Unlike 
other gene cloning strategies, positional cloning requires no prior knowledge of the gene 
sequence or product. One crucial step during positional cloning is the production of high-
quality genome sequence information spanning the region that contains the gene of interest. 
Although a reference genome sequence can serve as a ‘guide’ to narrow down the location 
of a gene, the gene causing the phenotype of interest is often absent from the reference 
cultivar1,4 which means that sequence information from a line that carries the gene of interest 
is needed. Repeated rounds of bacterial artificial chromosome (BAC) library screening, or 
chromosome walking, are usually necessary to cover the region of interest with a contiguous 
sequence8. Chromosome walking is particularly tedious in crop species that have large and 
repeat-rich genomes, such as wheat. The main limitation of BAC clones is that they can only 
harbor inserts of ~100-200 kb which is why chromosome walking can take a long time. 
Sequencing and assembly technologies that produce longer sequence scaffolds could prove 
to be particularly advantageous for positional cloning of plant genes. It has recently been 
shown that chromosome conformation capture technologies provide powerful tools that 
enabled the assembly of short sequence reads into long megabase-sized scaffolds in 
humans and Drosophila9,10. 
Leaf rust, caused by the pathogenic fungus Puccinia triticina is a widespread and 
devastating disease of wheat11 that can be sustainably controlled by exploiting disease 
resistance that is present in some cultivars of this crop. The disease resistance gene Lr22a 
was crossed into hexaploid bread wheat (Triticum aestivum) from its wild relative Aegilops 
tauschii in the 1960s12. Following this initial cross, Lr22a has subsequently been bred into 
several Canadian wheat cultivars13 and Lr22a-containing wheat lines have been included in 
leaf rust surveys worldwide for many years. Lr22a confers resistance to a wide range of P. 
triticina isolates 13-16. The Lr22a-mediated resistance is not present in young seedlings (<20 
days) but is only visible in wheat plants from ~25 days of age.  
First, in order to evaluate the effectiveness of Lr22a against Swiss P. triticina isolates 
we inoculated the Lr22a-containing backcross line RL6044 (‘Thatcher Lr22a’) and the spring 
wheat cultivar ‘Thatcher’ with ten P. triticina isolates that were collected in Switzerland. The 
first leaves of RL6044 developed leaf rust pustules of similar size as the susceptible control 
‘Thatcher’, while we observed complete to moderate resistance on the third leaves of 30-day-
old RL6044 plants in comparison to ‘Thatcher’ (Fig. 1, Supplementary Fig. 1).  
Lr22a was previously mapped to the short arm of wheat chromosome 2D using 
microsatellite analysis of the Lr22a-containing wheat line 98B34-T4B13. In order to pinpoint 
Lr22a on chromosome 2D we generated a high-resolution mapping population from a cross 
between the susceptible Swiss spring wheat cultivar ‘CH Campala’ and an Lr22a-containing 
3 
 
backcross line ‘CH Campala Lr22a’17 and delimited the gene to a 0.48 cM interval flanked by 
two microsatellite markers gwm455 and gwm296 (Fig. 2a).  
Then, to obtain sequence information for this 0.48 cM interval we used flow 
cytometry18 to isolate chromosome 2D from ‘CH Campala Lr22a’, which resulted in ~640 ng 
high molecular weight DNA of this chromosome. Given the recent examples of long-range 
scaffolding with the help of chromosome contact maps9,10, a de novo assembly of 
chromosome 2D was obtained by combining short-read Illumina sequences and proximity 
ligation of in vitro reconstituted chromatin, also known as Chicago5 (Online Methods). In 
contrast to the in vivo Hi-C method, Chicago has been demonstrated to be more suitable to 
generate high-quality assemblies from short Illumina reads in vertebrates5. 
The assembly of ‘CH Campala Lr22a’ comprised 10,344 scaffolds with an N50 of 9.76 
Mb, that is, half of the chromosome was assembled in scaffolds of 9.76 Mb or more. This 
N50 is 50-100x longer than a BAC clone and thus each scaffold of this length corresponds to 
at least 25 rounds of BAC library screening. The longest scaffold was 36.4 Mb and the total 
assembly was 567 Mb (Supplementary Table 1). The size of the assembly was ~160 Mb 
shorter than the estimated size of chromosome 2D19, which was likely due to collapsed high-
copy repeats in the assembly (Supplementary Fig. 2). The flanking markers gwm455 and 
gwm296 were located at a distance of 1.79 Mb on a single scaffold (ScZQ34L_508) of 6.39 
Mb in size (Fig. 2b). We used this ‘CH Campala Lr22a’ scaffold to develop additional markers 
by comparing annotated gene sequences to Illumina reads of the susceptible parent line ‘CH 
Campala’. This allowed us to further reduce the genetic interval to only 0.09 cM (Fig. 2a). 
The physical distance between the two flanking markers SWSNP4 and SWSNP6 was 438 kb 
and contained nine genes and two pseudogenes (Fig. 2b). In particular, there was a cluster 
of two nucleotide binding site-leucine-rich repeat receptor (NLR) encoding genes and two 
NLR pseudogenes. NLR1 showed sequence alterations compared to the wild-type ‘CH 
Campala Lr22a’ allele in five independent EMS mutants that were generated from ‘CH 
Campala Lr22a’ and that were identified using a phenotypic screen for loss of Lr22a 
resistance. All of the SNPs present in the susceptible mutants are predicted to result in 
amino acid exchanges or premature stop codons in NLR1 (Fig. 2c, Supplementary Table 2). 
The sequence of the second full-length NLR4 gene was identical to the wild-type sequence 
of ‘CH Campala Lr22a’ in all five susceptible mutants. These results provide evidence that 
NLR1 corresponds to the Lr22a resistance gene. 
To evaluate the overall quality of the ‘CH Campala Lr22a’ assembly, we anchored the 
scaffolds to a high-resolution genetic map of the wheat D-genome progenitor Ae. tauschii 
that includes 1,326 chromosome 2D-specific single nucleotide polymorphism (SNP) 
markers20. To do this, we performed a BLAST search21 with the extended sequences of the 
Ae. tauschii SNP markers against the ‘CH Campala Lr22a’ assembly. In total, 1,048 
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sequences produced BLAST hits that anchored 80 scaffolds (or 521 Mb, which is 92% of the 
assembly) to the genetic map (Supplementary Table 3). Each of the anchored scaffolds 
contained an average of 13 SNP markers (range was 1 to 83 markers). We observed a high 
degree of collinearity between Ae. tauschii and the ‘CH Campala Lr22a’ assembly 
(Supplementary Fig. 3a). Only 62 of the 1,048 genetic markers were non-collinear (mapped 
to a different location than most markers on the scaffold). Of these, 44 markers were 
grouped into seven clusters, meaning that at least two markers mapped to a different region 
on the Ae. tauschii genetic map than most of the markers on the scaffold. This might indicate 
the presence of seven chimeric scaffolds in which two large genomic segments were 
incorrectly joined. Alternatively, the non-collinear markers might arise by structural variation. 
The remaining 18 non-collinear markers represented single markers that mapped to a 
different Ae. tauschii position than all others on the respective scaffold; this might by 
explained by problems in the genetic map of Ae. tauschii. SNP markers were perfectly 
collinear within the Lr22a region (Supplementary Fig. 3b).  
The predicted coding sequence of Lr22a is 2,739 bp, consists of a single exon and 
translates into a protein of 912 amino acids with an N-terminal coiled-coil domain, a central 
nucleotide-binding (NB-ARC) domain and a C-terminal leucine-rich repeat domain. In the 
susceptible parent ‘CH Campala’, the NLR1 allele was disrupted by a premature stop codon, 
whereas the NLR1 allele in the susceptible wheat line ‘Thatcher’ was complete and the 
predicted protein showed 97% amino acid identity to Lr22a (Supplementary Fig. 4). The 
Lr22a protein only showed weak sequence homology to other cloned wheat NLRs. The 
closest homolog of Lr22a in Arabidopsis is RPM1, an NLR that confers resistance to the 
bacterial pathogen Pseudomonas syringae (Supplementary Fig. 5). The N-terminal amino 
acids of RPM1 interact with the RPM1-interacting protein 4 (RIN4), an important regulator of 
basal defense responses that is targeted by multiple P. syringae virulence effectors. Effector-
mediated modification of RIN4 is perceived by RPM1, resulting in a hypersensitive 
response22,23. Similarly, it is possible that Lr22a might monitor the status of a basal defense 
component in wheat. Interestingly, Lr22a contains two amino acids at the N-terminus that are 
unique compared to the NLR1 protein variants in 25 wheat cultivars without the Lr22a 
resistance (Supplementary Fig. 6). 
Several rapid gene cloning methods have been described for wheat24-26 (Table 1). All of 
these approaches require the identification of loss-of-function mutants, and some of the 
methods, i.e. MutRenSeq are only suitable for specific gene classes. However, many 
agriculturally important genes, for example genes conferring partial disease resistance or 
abiotic stress tolerance, have ‘partial phenotypes’ for which the identification of loss-of-
function mutants can be challenging. ’Targeted chromosome-based cloning via long-range 
assembly’ offers greater flexibility with respect to gene validation (transformation, haplotype 
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analysis, TILLING, or genome editing) and since this approach includes the generation of 
mapping populations, it enables positional cloning of genes with partial phenotypes. Using a 
cultivar-specific de novo assembly, we eliminated the need for chromosome walking. 
Positional cloning requires high density genetic maps, which are attainable only in distal, 
telomeric chromosome regions that are characterized by high recombination rates. 
Pericentromeric and centromeric chromosomal regions show lower recombination rates, 
which makes the construction of high-density genetic maps challenging. However, long-
range scaffolding approaches permit gene cloning even in regions with reduced 
recombination rates, such as pericentromeric regions and alien introgressions.  
For example, for the telomeric region of chromosome arm 2DS, a mapping population 
of only 400 plants would have been sufficient to reach a 96% probability of finding a target 
gene and its closest flanking markers on the same sequence scaffold. In pericentromeric 
regions, where recombination rates are 5-10x lower, a mapping population of 1,200 plants 
would provide a 90% chance to find a target gene and its closest flanking markers on a 
single sequence scaffold (Supplementary Fig. 7). 
Gene density in wheat and many other grass genomes is highest in distal regions of 
the chromosome27,28. Therefore our approach could find widespread application in cloning 
most genes in cereals. Critical for the long-range scaffolding of the Lr22a region was the 
amount of DNA required for sequencing because this determined the time needed for 
chromosome purification. Chicago scaffolding works with small amounts of DNA (~500 ng) 
and was therefore well-suited to enable a high-quality de novo assembly from a flow-sorted 
chromosome. However, other long-range scaffolding or long-read sequencing technologies 
that work with small amounts of DNA (<1 µg) such as nanopore sequencing for example 
might also be used in our gene cloning strategy. 
In summary, we report that it is now feasible to develop  high-quality de novo 
assemblies from chromosomes of any wheat cultivar. Our approach is applicable for genomic 
loci of interest and can be applied in species with complex genomes, which should enable 
cloning of agriculturally important genes. Any species and cultivar from which chromosomes 
can be flow sorted can be used. To date, flow cytometry has been successfully used in more 
than 20 plant species, including important crops like maize, wheat, rice, barley, oat, rye, pea, 
tomato, field bean and chickpea18.  
 
Methods 
Methods and any associated references are available in the online version of the paper. 
 
Accession codes 
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The ‘CH Campala Lr22a’ scaffolds were deposited at DDBJ/ENA/GenBank under the 
accession MOLT00000000. The version described in this paper is version MOLT01000000. 
The Lr22a gene sequence was deposited at DDBJ/ENA/GenBank under the accession 
KY064064. The NLR1 sequences from ‘Thatcher’ and ‘Campala’ have accession numbers 
KY064065 and KY064066, respectively. 
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Figure 1. Phenotypic response conferred by the Lr22a leaf rust resistance gene. (a) 
Leaf rust symptoms on first and third leaves of 30-day-old plants of the susceptible cultivar 
‘Thatcher’ (Th) and the Lr22a-containing backcross line RL6044 (‘Thatcher Lr22a’). (b) The 
Lr22a-resistance response in RL6044 ranged from partial (left) to complete (right) against 
different P. triticina isolates. Shown here are the two extremes found with P. triticina isolates 
95001 and 96209. 
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Figure 2. Mapping of the Lr22a leaf rust resistance gene. (a) Genetic map of the Lr22a 
region. The target interval between the closest flanking markers SWSNP4 and SWSNP6 is 
indicated in yellow. (b) The physical interval of ‘CH Campala Lr22a’ contained nine candidate 
genes and two pseudogenes (indicated by Ψ). LIP = lipase, ZF = zinc finger, CYP = 
cytochrome P450, ST = sugar transporter, NLR = nucleotide binding site–leucine-rich repeat 
receptor, SULT = sulfotransferase. The 6.39 Mb sequence scaffold ScZQ34L_508 that 
contained both flanking markers is indicated in orange. (c) Five independent EMS mutants 
that lost the Lr22a-resistance had non-synonymous sequence changes in the NLR1 coding 
sequence compared to the wild-type allele of ‘CH Campala Lr22a’. The predicted coiled-coil 
(CC), nucleotide-binding (NB-ARC) and leucine-rich repeat (LRR) domains of the NLR1 
protein are indicated in yellow, green and grey, respectively. The amino acid polymorphisms 
in comparison to the Lr22a wild-type sequence of ‘CH Campala Lr22a’ are indicated by red 
asterisks. C=’CH Campala’, C Lr22a = ‘CH Campala Lr22a’. 
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Table 1. Comparison of different gene isolation approaches 
 MutChromSeq
25
 MutRenSeq
24
 Mapping-by-
sequencing
26
 
Positional 
cloning by 
chromosome 
walking 
Targeted-
chromosome-
based-cloning 
via long-range 
assembly 
Dependence on 
enrichment 
library 
 
No Yes Yes No No 
Dependence on 
the identification 
of loss-of-
function mutants 
 
Yes Yes Yes No No 
Dependence on 
reference 
sequence 
 
 
No Depends on 
reference gene 
annotation for 
enrichment library 
Depends on 
reference gene 
annotation for 
enrichment library 
No No 
Speed / cost-
effectiveness 
 
Very rapid, cost-
effective 
Very rapid, cost-
effective 
Very rapid, cost-
effective 
Very slow, 
expensive 
Rapid, cost-
effective 
Major limitations 
 
 
Depends on the 
identification of 
loss-of-function 
mutants, no 
backup if mutants 
cannot be 
identified 
Only allows 
identification of 
NLRs, depends 
on enrichment 
library, depends 
on the 
identification of 
loss-of-function 
mutants, no 
backup if gene of 
interest does not 
encode a NLR 
Depends on 
enrichment library 
or a high-quality 
reference 
sequence, 
depends on the 
identification of 
loss-of-function 
mutants 
 
Very slow, a 
cultivar-specific 
BAC library is 
often necessary, 
depends on 
recombination 
Partially depends 
on recombination, 
but also works in 
chromosomal 
regions with 
reduced 
recombination 
rates 
Best suited for Isolation of genes 
with strong 
phenotypes  
Isolation of NLRs 
with strong 
phenotypes 
Isolation of genes 
with strong 
phenotypes  
Any gene, also 
suitable for genes 
with partial 
phenotypes and 
adult plant 
phenotypes 
Any gene, also 
suitable for genes 
with partial 
phenotypes and 
adult plant 
phenotypes 
 
 
12 
 
Online Methods 
 
Plant material  
 
The Lr22a-containing wheat lines RL604412 (Thatcher*7//tetra-Canthatch/RL5271) and ‘CH 
Campala Lr22a’17 (CH Campala*6/AC Minto) were used in this study. A bi-parental mapping 
population consisting of 1,656 F2 plants was derived from a cross between ‘CH Campala 
Lr22a’ and the susceptible near isogenic Swiss spring wheat cultivar ‘CH Campala’. DNA 
was extracted from leaf tissues using a CTAB extraction protocol29. A total of 1,656 F2 plants 
were screened for recombination between SSR markers gwm455 and wmc50313. 
Polymerase chain reaction (PCR) products were separated on polyacrylamide gel using a LI-
COR® DNA Sequencer 4200. In total, 54 recombinant F2 plants were identified showing 55 
recombination events between the two markers. F3 families of recombinant F2 plants were 
phenotyped in the field and growth cabinets. F3 families were classified as uniform 
susceptible, uniform resistant or segregating based on a comparison to the two parents. In 
addition, homozygous recombinant F4 families were selected and re-phenotyped in growth 
cabinets. Field infections were done as described previously30. For the infection assays in 
growth cabinets, five seeds per family were sown in two replicates in soil in 1.5 l pots. After 
treatment with 4 ml/l growth inhibitor (Cycocel® Extra, Omya AG, Oftringen, Switzerland) and 
2-3 ml/l fertilizer (Wuxal® Profi, Maag Garden, Syngenta, Dusseldorf, Germany) plants were 
grown at 20°C and a 16 h photoperiod (450 µmol m-2 s-1) followed by 8 h at 16ºC without light 
and a relative humidity of 70%. Plants were inoculated with P. triticina isolate 90035 
suspended in oil (FluorinertTM FC-43, 3M Electronics, Zwijndrecht, Belgium) when they were 
20-25 days old. After the inoculation, plants were kept in the dark for 24 h under a plastic tent 
to maintain high humidity and then shifted back to normal growth conditions. Disease 
symptoms were assessed 10 days after inoculation. 
 
EMS mutagenesis and identification of Lr22a mutants 
 
Ethyl methanesulfonate (EMS) mutagenesis was performed as described previously31. In a 
preliminary experiment, 0.35% EMS was identified as the concentration that resulted in 50% 
seedling mortality. Then, 1,100 seeds of ‘CH Campala Lr22a’ were soaked in water at 4ºC for 
16 h and then the treatment with 0.35% EMS was done for 16 h at room temperature with 
constant shaking at 150 rpm. Treated seeds were washed in tap water and plants were 
advanced to M2 generation in the glasshouse. Seeds of 685 M1 plants were harvested and 
the respective M2 families were screened for susceptibility with the P. triticina isolate 90035 
as described above. Out of this screen, five susceptible mutants derived from different M2 
families were identified and validated in the M3 generation. All susceptible mutants identified 
in this screen carried sequence polymorphisms in NLR1. 
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Flow sorting of chromosome 2D and preparation of DNA samples 
 
Chromosome 2D was purified by flow cytometric sorting as described earlier32,33 with 
modifications. Briefly, suspensions of intact mitotic metaphase chromosomes were prepared 
from synchronized root tip meristem cells. Before flow cytometry, GAA microsatellites were 
labelled on chromosomes in suspension by FITC following a previously described protocol34 
and chromosomal DNA was stained by DAPI (4´,6-diamidino 2-phenylindole). Chromosome 
samples were analyzed at rates of 1,500 – 2,000 particles / sec on a BD FACSAria SORP 
flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, USA) and bivariate 
flow karyotypes FITC vs. DAPI fluorescence were acquired. Sort windows delimiting the 
population of chromosome 2D were set on dotplots FITC vs. DAPI (Supplementary Fig. 8), 
and chromosome 2D was sorted at rates of 15 - 20 / sec. The identity of flow-sorted 
chromosomes and contamination by other chromosomes were checked microscopically 
using fluorescence in situ hybridization (FISH) as descried previously35 using probes for GAA 
microsatellites and Afa family repeat. 
For shotgun sequencing, DNA of chromosome 2D was amplified by multiple 
displacement amplification (MDA) as described previously36. In total, 30,000 copies of 
chromosome 2D were flow sorted from each line. The purity of the sorted fraction was 94%. 
The chromosomes were treated with proteinase K and the purified DNA was amplified using 
an Illustra GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Chalfont St. Giles, UK). 
Three independent MDA products from each sorted chromosome fraction were pooled into 
one sample to reduce amplification bias. 
For long-range assembly, high molecular weight (HMW) DNA was prepared from 
flow-sorted chromosome 2D of ‘CH Campala Lr22a’ following a previously described 
protocol37 with modifications. A total of 1,5 million copies of chromosome 2D were flow sorted 
with a purity of 97% and embedded in six agarose miniplugs with a total volume of 100 µl. 
Plugs were then incubated in proteinase K. The miniplugs were washed six times in TE 
buffer (10 mM Tris, 1 mM EDTA, pH 8.0), melted for 5 min at 73°C and solubilized with 0.8 U 
GELase (Epicentre, Madison, USA) for 45 min. The released DNA underwent 60 minutes of 
drop dialysis (Merck Millipore, Billerica, USA) against TE buffer. Purification and 
concentration was performed using a Vivacon® 500 centrifugal concentrator (100,000 Dalton 
MWCO, Sartorius, Goettingen, Germany). The HMW DNA was partially fragmented by 
pipetting and vortexing to facilitate concentration measurement. 
 
Establishment of long-range assembly from ‘CH Campala Lr22a’ 
 
Chromosome 2D shotgun sequencing, Chicago sequencing and scaffolding was performed 
by Dovetail Genomics (Santa Cruz, CA). A Chicago library was prepared as described 
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previously5. Briefly, 250 ng of chromosome 2D HMW DNA (mean fragment length ~100 kb) 
was reconstituted into chromatin in vitro and fixed with formaldehyde. Fixed chromatin was 
digested with MboI, the 5’ overhangs filled in with biotinylated nucleotides, and then free 
blunt ends were ligated. After ligation, crosslinks were reversed and the DNA was purified 
from protein. Purified DNA was treated to remove biotin that was not internal to ligated 
fragments. The DNA was then sheared to ~350 bp mean fragment size and a sequencing 
library was generated using NEBNext® UltraTM enzymes (New England BioLabs) and 
Illumina-compatible adapters. Biotin-containing fragments were isolated using streptavidin 
beads before PCR enrichment. The library was then sequenced on an Illumina HiSeq 2500 
(rapid run mode) to produce 145 million 150 bp paired-end reads, which provided 30x 
physical coverage of the chromosome (1-50 kb pairs).  
De novo chromosome 2D assembly was constructed using sequence data from three 
paired-end libraries, two prepared from 50 ng of chromosomal DNA with a mean insert size 
of 205 bp and one prepared from 150 ng of chromosomal DNA with a mean insert size of 
450 bp. The libraries were sequenced on an Illumina HiSeq 2500 (rapid run mode) to 
produce a total of 709 million 150 bp paired-end reads (312 million from the shorter insert 
libraries and 397 million from the longer insert library). Reads were trimmed for quality, 
sequencing adapters, and mate pair adapters using Trimmomatic38. De novo assembly was 
performed using Meraculous 2 (2.2.2.3)39 with a kmer size of 109.  
The input de novo assembly, shotgun reads, and Chicago library reads were used as 
input data for HiRise, a software pipeline designed specifically for using Chicago data to 
scaffold genome assemblies5. Shotgun and Chicago library sequences were aligned to the 
draft input assembly using a modified SNAP read mapper (http://snap.cs.berkeley.edu). The 
separations of Chicago read pairs mapped within draft scaffolds were analyzed by HiRise to 
produce a likelihood model for genomic distance between read pairs, and the model was 
used to identify putative misjoins and to score prospective joins. After scaffolding, the 
shotgun sequences were used to close gaps between contigs. To generate a 
pseudomolecule, the extended sequences of 1,326 chromosome 2D-specific SNPs mapped 
to the Ae. tauschii AL8/78 genetic map20 were used to perform a BLAST search against the 
10,344 ‘CH Campala Lr22a’ scaffolds using an in-house script. 
 
Marker Development  
 
SSR markers gwm455, gwm296, wmc503 and wmc25 were previously reported to be linked 
to Lr22a13. For the development of additional markers, a de novo Illumina sequence 
assembly was developed from DNA amplified from flow-sorted 2D chromosomes of ‘CH 
Campala’ and ‘CH Campala Lr22a’. DNA from chromosome 2D of each parent were 
multiplexed and sequenced on one lane of an Illumina HiSeq 2500 with 125 bp paired-end 
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reads. The sequencing was performed at the Functional Genomics Center Zurich, 
Switzerland. The reads were used for a de novo assembly using CLC Main Workbench 7 
(Qiagen) with standard parameters and a minimum contig length of 500 bp. For ‘CH 
Campala’, 84 million reads were obtained and assembled into 57,314 contigs with a total size 
of 123 Mb and a scaffold N50 of 3.8 kb. For ‘CH Campala Lr22a’, 139 million reads were 
obtained that were assembled into 71,348 contigs with a total size of 159 Mb and a scaffold 
N50 of 3.9 kb. Illumina contigs were filtered for contigs containing genes by performing a 
BLAST search21 against the Brachypodium distachyon coding sequence database40. Gene-
containing contigs were used for the discovery of SNPs and insertions/deletions (InDels) 
based on a previous protocol41 with minor modifications. The sequences of the Lr22a flanking 
SSRs gwm455 and wmc25 were anchored to the genetic map of Ae. tauschii AL8/7820 by 
performing a BLAST search against the Ae. tauschii BAC scaffolds20,42 
(http://aegilops.wheat.ucdavis.edu/ATGSP/). This resulted in the identification of two 
scaffolds, 4242.1 (gwm455) and 4531.6 (wmc25). A second BLAST search with the identified 
scaffolds against the extended sequences of the Ae. tauschii SNP markers 
(http://probes.pw.usda.gov/WheatDMarker/) identified the chromosome 2D-specific markers 
AT2D1039 and AT2D1040 (gwm455) and AT2D1053 (wmc25) that were located at cM 
positions 25.59 – 28.502 on the Ae. tauschii genetic map. The extended sequences of 
markers mapped between AT2D1039 and AT2D1053 were then used to perform a BLAST 
search against the Ae. tauschii BAC scaffolds. The Ae. tauschii BAC scaffolds were used to 
identify the corresponding sequences in the gene-containing contigs of ‘CH Campala’ and 
‘CH Campala Lr22a’. The identified contigs of the two wheat lines were aligned using Clustal 
Omega43 and locus-specific PCR probes spanning polymorphisms between ‘CH Campala’ 
and ‘CH Campala Lr22a’ were developed and sequenced on the recombinants of the fine-
mapping population. This resulted in the development of two markers, SWSNP5 and 
SWInDel4 (Supplementary Table 4). Similarly, the ‘CH Campala Lr22a’ Chicago assembly 
was used to develop additional markers. Scaffold ScZQ34L_508 was annotated using the B. 
distachyon coding sequence database (https://phytozome.jgi.doe.gov/pz/portal.html). The 
Illumina contigs of ‘CH Campala’ were mapped against the annotated genes using BLAST 
and SNPs and InDels were identified as described above. This resulted in the development 
of three additional markers, SWSNP4, SWSNP6 and SWInDel7. For the amplification of the 
Lr22a gene, specific primers (LRR1-F3 and LRR1-R4) were designed from the 5’ and 3’ UTR 
and amplified using the Kapa HiFi HotStart PCR kit (KapaBiosystems) according to the 
manufacturer’s protocol. The amplicon was sequenced using eight internal primers 
(Supplementary Table 4). 
 
Lr22a protein domain prediction 
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The predicted Lr22a protein sequences from RL6044 and corresponding NLR1 protein 
version from ‘Thatcher’ were aligned using the online Clustal Omega43. Different domains of 
the NLR were identified based the homology to the annotated RPM1 protein44. The most 
probable LRR motifs were predicted using the LRR conservation mapping tool v2.0 
(www.plantpath.wisc.edu/RCM)45. 
 
Statistical methods 
A phylogenetic tree of Lr22a and known wheat resistance proteins was made using the 
PROTPARS tool of the PHYLIP package with 100 bootstrap replicates46. The amino acid 
sequences of known wheat NLRs were downloaded from the NCBI repository. Amino acid 
sequences of the LRRs were aligned using ClustalX 2.1 using a gap opening penalty of 10 
and a gap extension penalty of 0.2.  
 
Simulation of recombination frequencies and population sizes 
The goal of this simulation was to calculate the probabilities of finding a target gene and its 
closest flanking markers on a single sequence scaffold using different sizes of mapping 
populations. Recombination frequencies were derived from combining the genetic mapping 
data from Ae. tauschii20 and the physical sizes of the 80 ‘CH Campala Lr22a’ scaffolds that 
were anchored to the genetic map (Supplementary Table 3). Local recombination 
frequencies (in Mb/cM) along chromosome 2D were calculated in a sliding window averaging 
ratios of physical to genetic distance over 50 genetic markers. Based on the resulting 
recombination frequency graph, we divided the chromosome into two telomeric, two 
pericentromeric and one centromeric bin (Supplementary Fig. 7a). Simulations were run for 
the two telomeric bins separately, because recombination frequencies on the short and long 
arm telomeric bins differed by a factor of 2.3 (median 1.2 Mb/cM for 2DS vs. 2.75 Mb/cM for 
2DL, Supplementary Fig. 7a). Data for pericentromeric bins were compiled resulting in a 
median recombination frequency of 9.1 Mb/cM (Supplementary Fig. 7a). The simulation used 
real-life set of sizes of the 80 sequence scaffolds. These were randomly picked until the 
cumulative size had reached the size of the respective chromosome bin. Then, the target 
gene was positioned randomly inside the bin. Next, the recombination breakpoints were 
distributed randomly across the chromosome segments (assuming recombination frequency 
to be evenly distributed along the bin). The number of recombination breakpoints was 
determined by population size and recombination frequency for the respective bin. Finally, 
the software tested whether the target gene was flanked by two recombination breakpoints 
on the same sequence scaffold. The sizes of tested mapping populations ranged from 50 – 
2,000 individuals, increasing the population size in steps of 50. The simulation was repeated 
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10,000 times for each population size, which provided the probabilities of the gene being 
flanked on both sides by genetic markers on the same sequence scaffold for different sizes 
of mapping populations (Supplementary Fig. 7b). All original Perl scripts used for calculations 
of recombination frequencies and simulations are available upon request. 
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